Groundwater scarcity in arid regions may hinder development plans and cause many inconveniences for the population and authorities. Saudi Arabia has limited groundwater resources stored in the sedimentary sequence of the Arabian Shelf. Some of these resources were classified as major aquifers, secondary and minor aquifers, and some were considered as aquicludes. The Jubaila Limestone is one of the secondary aquifers of Saudi Arabia. The main purpose of this paper is to evaluate the groundwater resources of the Jubaila Limestone in Riyadh area, with emphasis on groundwater quality. Groundwater was found to occur in fractures and within solution openings of the Jubaila Limestone at depths which range between 19 and 210 m. The transmissivity value was 1.7 × 10 -3 to 7.2 × 10 -3 m 2 /s; the storage coefficient was of 1.3 × 10 -4 . The electrical conductivity for collected water samples ranged between 831 and 7670 µS/cm. The major ionic relationships were Na > Ca > Mg and SO 4 > Cl > HCO 3 . The groundwater evolves from NaCl dominated at the southern end of the study area, into Ca, MgSO 4 water in the north. The main chemical process responsible of this variation was found to be dissolution of anhydrite and gypsum. The groundwater was not found suitable for drinking purposes but can be used by livestock and for some agricultural purposes.
Introduction
Saudi Arabia, is by far the largest country in the Arabian Peninsula. It occupies a surface area of about 2.15 million km². It is bordered in the north by Jordan, Iraq and Kuwait, in the east by the Persian Gulf with a coastline of 480 km, in the south-east and south by Qatar, the United Arab Emirates, Oman and Yemen, and in the west by the Red Sea with a coastline of some 1750 km. The country can be divided into 4 main physiographic units (Figure 1) : the Western Mountains, the Central Hills, the Desert Regions, and the Coastal Regions.
Saudi Arabia has a desert climate characterized by extreme heat during the day, an abrupt drop in temperature at night, and slight, erratic rainfall. Because of the influence of a subtropical high-pressure system and the many fluctuations in elevation, there is considerable variation in temperature and humidity. A uniform climate prevails in Riyadh area. The average summer temperature is 45 degrees Centigrade, but readings of up to 54 degrees are common. The heat becomes intense shortly after sunrise and lasts until sunset, followed by comparatively cool nights. In the winter, the temperature seldom drops below 0 degree Centigrade but the almost total absence of humidity and the high wind-chill factor make a bitterly cold atmosphere. In the spring and autumn, temperatures average 29 degree Centigrade. The entire year's rainfall may consist of one or two torrential outbursts that flood the wadies and then rapidly disappear into the soil to be trapped above the layers of impervious rock. This is sufficient, however, to sustain forage growth. Although the average rainfall is 100 -150 millimeters per year, the area may not experience rainfall for several years.
Geologically, the Kingdom of Saudi Arabia is divided into the Arabian Shield and the Arabian Shelf. The Shield is composed mainly of crystalline and crystallophyllian rocks primarily of Precambrian-Cambrian ages with volcanic lava flows of Tertiary-Quaternary age extending to recent years. Groundwater in the Arabian Shield occurs within the wadi deposits and in restricted area within the basaltic lava flows. The Arabian Shelf is mainly occupied by a sedimentary sequence lying uncomfortably on the basement rocks of the Shield and dipping towards the east and northeast. The water scarcity and the limited resources of water within the country make it necessary to look into the potentialities of the secondary aquifers and try to characterize its properties as possible. The main purpose of this study is to evaluate the groundwater quality in Jubaila Limestone, north of Riyadh between latitudes 24˚45' -24˚55'N and longitudes 46˚20' -46˚30'E. The evaluation includes groundwater occurrences, movement, groundwater quality variation, chemical processes responsible for these quality variations and the suitability of water for various purposes.
Methodology
Based on the above-mentioned concerns, the methods used in this study included both field and laboratorial methods. Field methods included both geological and hydrogeological methods. The geological methods focused on identifying rock types, measurement and observation of geological features in the study area. The hydrogeological methods were concerned with preparing a well inventory sheet for all wells drilled in the study area. The collected information included well location using a GPS, measurements of static and pumping water levels using water-level sounders, discharge rate measurements using both containers and stopwatches, and collection of groundwater samples for analyzing their major, minor and trace elements. The laboratorial methods included the analyses of the collected groundwater samples and the data processing using AquaChem and PHREEQ softwares [5] . The analyses were performed according to APH/AWWA/WPCF [6] . Thirty wells were inventoried, sampled and analyzed for this study.
Geology of the Study Area
The study area is mainly occupied by the Shaqra Group sedimentary rocks. The Shaqra Group lies unconformably upon the Minjur Formation, of Late Triassic age, and is overlain by the Sulaiy Formation, of Berriasian age ( Table 1) . It is comprised of, in ascending stratigraphic order, the Marrat, Dhruma, Tuwaiq Mountain, Hanifa, Jubaila, Arab and Hith formations. These formations are separated by hiatuses of which the duration progressively decreases, as displayed on Table 1 , where they are calibrated with the latest [7] [8] [9] of a lower muddy carbonate unit and an upper stromatoporoid and lagoonal carbonate lithofacies. The Jubaila Limestone lies disconformably upon the Hanifa Formation and consists of moderately deep marine carbonates in the lower part that is overlain by a shallow marine stromatoporoid-associated assemblage. In the outcrop belt, the carbonates pass into sandstones to the south and northwest. The Arab Formation is approximately 54 m thick in outcrop. The Hith Anhydrite, consists mostly of anhydrite but has an upper carbonate unit, as described by Hughes [9] . It is 90 m thick at the outcrop [1].
Groundwater in the Study Area
Groundwater occurs in the Hubaila Limestone in zones characterized with secondary porosity created due to faulting, jointing, solution cavities and fractures. In areas well yields is found to be of high quantities and especially when these solution cavities are connected to wadies in the area [3] . The aquifer properties were estimated [1, [10] [11] [12] . The Transmissivity was estimated during this study to be in the range between 1.7 × 10 -3 and 7.2 × 10 -3 m/s, and the Storage Coefficient was in the order of 1.3 × 10 -4 . Depth to water in the study area varied from some 19 m in wells nos., 21 and 22 to 210 m in well no. 10. Accordingly the elevation of the water table varied from 705 m above mean sea level, at well no. 30, in the northwest part of the study area to about 437 m at well no. 10. Figure 2 shows the water table distribution in the study area and the direction of groundwater flow. In the northern part of the study area the groundwater flow followed that of Wadi Hanifa as shown by the flow lines. At about the center of the study area a cone of depression was noticed around well no. 10. At the southern end of the area the direction of groundwater flow was towards the southeast and the south direction. The average hydraulic gradient is about 0.005.
Groundwater Quality Variation
Groundwater quality in the study area varies greatly in its Electrical Conductivity (EC) from 831 to 7670 mS/cm. This variation is due to interaction between hydraulic gradient, the nature of the water-bearing rocks and the chemical processes in action. Figure 3 shows the areal distribution of the EC in the study area. The general increase in EC is from the south towards the north of the study area where two major anomalies were noticed around the contour 6000 mS/cm and the contour 5000 mS/cm. This corresponds to the general direction of groundwater flow.
The main chemical composition of groundwater in the study area is summarized on water to alkaline. The same wide range in the composition was found in all of the major ions, the minor ions and the total hardness of groundwater as shown ( Table  2) . Table 3 shows the correlation Matrix of the analyzed chemical constituents. The EC was found to be mainly correlated with Hardness, , and, Na is strongly related to Cl. Table 3 . Correlation matrix. (Figure 4(a) ) illustrate a gradual increase in their concentrations with the flow line, the same is shown for the 4 and the Cl -evolution (Figure 4(b) ). The HCO 3 exhibits a different trend, not related with the flow direction. It can be related to very limited rainfall in the study area. These findings reflect the effect of dissolution of gypsum and anhydrite minerals within the Jubaila Limestone.
Hydrochemical Facies
Hydrochemical facies are bodies of water with separate but distinct chemical compositions contained in an aquifer. Each hydrochemical facies defines a group of groundwater with similar composition. Each facies typically has a unique origin and or pattern of evolution [13] . Hydrochemical Facies provides some insight into the environmental processes that have affected a site and that might continue its effect in future. For defining the hydrochemical facies present in the Jubaila Limestone aquifer, Piper Diagram has been constructed for the collected samples [14, 15] . The plots of the collected and analyzed groundwater samples is shown on Figure 5 4 represent only 7% of the analyzed samples. The spatial distribution of these facies is illustrated on Figure 6 . The groundwater evolves from NaCl dominated at the southern end of the study area, into Ca, Mg SO 4 water in the north i.e. in the downstream direction of the flow line. The main process responsible for this evolution is mainly dissolution of mineral as stated above. The dissolution of the minerals calcite and dolomite, dominant in the Jubaila Limestone can take place as: 2 3 The dissolution of halite and gypsum are as follows:
NaCl Na + + Cl -The saturation index (SI) of the ion-activity product (IAP) and the solubility product (K). The IAP is the product of element activity. Analytically determined concentrations have to be transformed to activities considering ionic strength, temperature and complex formation. The solubility-product is the maximum possible solubility at the respective water temperature. SI = log IA SI indicates if turated or super-saturated with regard to a solid phase. A value of 1 signifies a tenfold super-saturation, a value of -2 a hundred fold under-saturation in relation to a certain mineral phase. Equilibrium can be assumed for a range of -0.5 to 0.5. If the SI value is below -0.5, the solution is under-saturated with regard to the corresponding mineral, if the SI exceeds +0.5 the water is super-saturated with respect to this mineral. Table 4 shows the saturation indices fo lcite, dolomite, gypsum and anhydrite in the collected water samples. Most of the samples were found in equilibrium or super-saturated with calcite and dolomite. The SI for calcite ranges between 0.93 to 0.99 (Figure 7) , and that for dolomite is between 1.8 and 2.93 (Figure 8) . 77% of the samples were found in equilibrium for calcite and 84% were found in equilibrium with dolomite i.e. groundwater is saturated with respect to calcite and dolomite. The SI for gypsum and anhydrite were found in the ranges of -1.51 to -0.71 and -1.72 to -0.39, respectively. These findings explain why the major ions dissolve in the groundwater are Ca 2+ , Mg 2+ , 2 4 SO  and is still the groundwater is able to dissolve anh e and gypsum. The availability of groundwater and various uses are inextricably intertwined. The results of the physical and chemical parameters of groundwater within the Jubaila Limestone were thus compared with the WHO standards and guidelines of 1993 [16] . It was found that the EC and the major ions exceed the standards for drinking and public health purposes. The TDS exceed the maximum limit, the Na in all samples exceeds 200 mg/L, the Cl is above 250 mg/L stated by the standard. All samples except three have SO 4 concentration above 500 mg/L. 50% of the samples were characterized suitable for drinking purposes.
To determine suitability for livestock, the following parameters were considered: EC 4 ese are the parameters most likely to limit the use of water by livestock, other factors not tested can also cause the water to be unfit. When the EC is less than 1000 mS/cm, it is unlikely that individual salts would cause health problems and no further analysis for salts is necessary. However, as the concentration of salts increases, the risk of health problems and/or reduced productivity may occur. The MH was found to range between 18.8 and 80 with an average of 49 for the collected samples, e samples exceed the maximum limit for MH. The SAR was found to be 3.9 to 14.6 with an average of 7.9. When plotting the SAR against the Salinity Hazard on Wilcox Diagram (Figure 9) , most of the samples were located in the C4-S3 and C4-S2 fields, i.e. with very high salinity hazard and high sodium hazard, and very high salinity hazard and moderate sodium hazard, respectively.
Con
Groundwater occu fractures and wit properties were characterized with transmissivity values of 1. . The regional direction of groundwater flow in the study area is from the south towards the north with cones of depression around pumping centres. The groundwater quality varies from nearly fresh to saline waters. The main hydrochemical facies defining the groundwater composition were Na-Ca-Mg-Cl-SO 4 , Na-Mg-Cl-SO 4 , [9] G. W. Hughes, "Biofacies and Paleaoenvironments of the Jurassic Shaq nd Na-Mg-Ca-Cl-SO 4 . Most of the collected water samp dolomite minerals but were under-saturated with respect to anhydrite and gypsum. Thus the main chemical process responsible for the quality variation was dissolution of anhydrite and gypsum. The average magnesium hardness was about 49 with 40% of the samples exceeding the maximum limit. The average SAR was found to be 7.9 and the samples were of high to very high salinity hazard, and medium to high sodium hazard. The groundwater was not found suitable for drinking purposes but can be used by livestock and for some agricultural and industrial purposes. In conclusion secondary aquifers are of great value to Saudi Arabia and more attention should be given to develop these resources in Riyadh area
